The gp41 protein of the human (HIV) and simian (SIV) immunode®-ciency viruses is part of the envelope glycoprotein complex gp41/gp120 which plays an essential role in viral infection. We present a multidimensional NMR study on the trimeric 44 kDa soluble ectodomain of SIV gp41 (e-gp41), comprising residues 27 to 149. Despite the large molecular weight and very limited spectral dispersion, complete backbone J HNa coupling constants, consists of a 49 residue helix at the N terminus (residues 29 to 77) and a 40 residue helix at the C terminus (residues 108 to 147), connected by a 30 residue loop which does not display any of the characteristics of regular secondary structure. The cross-peak intensities of the loop region in scalar correlation experiments suggests that it is more mobile than the core helical regions. The presence, however, of numerous long range NOEs, both intra and inter-subunit, within the loop indicates that it adopts a wellde®ned structure in which the loops from the three subunits interact with each other. Based on a number of long range intra and inter-subunit NOEs, a topological model is presented for the symmetric SIV e-gp41 trimer in which the N-terminal helices are packed within the protein interior in a parallel trimeric coiled-coil arrangement, while the C-terminal helices are located on the protein exterior, oriented antiparallel to the N-terminal helices.
The gp41 protein of the human (HIV) and simian (SIV) immunode®ciency viruses is part of the gp41/gp120 envelope glycoprotein complex. gp41 and gp120 are cleavage products of gp160, which is encoded by the viral env gene (Allan et al., 1985; Veronese et al., 1985) . During the initial stages of infection, the gp41/gp120 complex associates with the CD4 receptor (Klatzmann et al., 1984; Dalgleish et al., 1984) , as well as with the newly discovered chemokine coreceptors (Feng et al., 1996; Deng et al., 1996; Litwin et al., 1996) . Subsequently, gp41 dissociates from gp120, associates with the target membrane, and mediates fusion of the viral and cellular membranes by a process that involves the N-terminal hydrophobic region of gp41, termed the fusion peptide (Gallaher, 1987) . gp41 consists of four distinct functional regions: a fusion peptide, an ectodomain, a transmembrane domain, and a cytoplasmic domain. Biochemical studies have shown that the ectodomain of SIV and HIV gp41 (e-gp41) has high helical content and exists in solution as a multimer Lawless et al., 1996; Lu et al., 1995; Weissenhorn et al., 1996) . Protease protection experiments combined with circular dichroism measurements on HIV and SIV e-gp41 suggest the presence of N and C-terminal helices oriented in an antiparallel manner Lu et al., 1995) . This is consistent with the results from a recent EPR study on spin-labeled synthetic peptides corresponding to parts of the putative N and C-terminal helices of HIV e-gp41 (Rabenstein & Shin, 1996) .
The absence of high resolution structural information makes HIV or SIV gp41 an attractive candidate for study by NMR, although its poor solubility and high molecular weight render such studies technically challenging. We have recently overcome some of these dif®culties by preparing the ectodomain of SIV gp41, consisting of residues 27 to 149 (Wing®eld et al., 1997) . This construct lacks the fusion peptide necessary for membrane fusion and, since it is expressed in Escherichia coli, is not glycosylated. Mutagenesis studies, however, have demonstrated that glycosylation of HIV gp41 does not play a critical role in folding, processing or function (Dedra et al., 1992) . The present SIV e-gp41 construct contains a highly conserved region that is thought to associate with gp120 (Kowalski et al., 1987) , as well as the binding site for a monoclonal antibody that blocks viral infection in vitro (Muster et al., 1993) . At acidic pH values (<4), SIV e-gp41 forms a soluble 44 kDa trimeric complex (Wing®eld et al., 1997) . (Note that at pH values above 4.5, SIV e-gp41 precipitates out of solution.) The solubility properties of SIV e-gp41 and the ability to express and label it with stable NMR active isotopes has made e-gp41 amenable to heteronuclear NMR studies of its structure and dynamics. Here, we present the complete backbone The signals for Val37 are folded in the 13 C dimension. Genetic constructs, protein expression and puri®cation were as described by Wing®eld et al. (1997) C on Bruker DMX500, DMX600 and DMX750 spectrometers equipped with x,y,z-gradient triple resonance probes. Spectral processing and analysis were performed using the programs NMRPipe (Delaglio et al., 1995) and PIPP/CAPP (Garrett et al., 1991) , respectively. NMR assignments, the secondary structure, and a topological model of SIV e-gp41. Given the high degree of sequence identity ($55%) between SIV and HIV e-gp41, we expect that the present results should be directly transferrable to HIV e-gp41.
To avoid problems associated with multiple potential modes of intra-and intersubunit disul®de bond formation, a double mutant of SIV e-gp41 was employed in which the two cysteine residues, Cys86 and Cys92, were substituted by alanine. We note, however, that these mutations had only a minimal effect on the structure of e-gp41 since the 1 H ± 15 N correlation spectra of wild-type and mutant e-gp41 are virtually superimposable. The initial experiments were performed using a perdeuterated sample to reduce relaxation effects that severely limit NMR studies of large biomolecules (Yamazaki et al., 1994; Grzesiek et al., 1995; Venters et al., 1995 Venters et al., , 1996 Garrett et al., 1997) . In this regard we note that the average backbone amide T 2 relaxation time at 45 C is $10 to 12 ms for the protonated sample but is increased to $17± 18 ms upon deuteration. The 2D 1 H ± 15 N HSQC spectrum of perdeuterated SIV e-gp41 is shown in Figure 1A . Due to extensive spectral overlap, only 50% of the expected cross-peaks are well resolved in the 2D spectrum. The majority of cross-peaks, however, can be resolved in the 3D heteronuclear experiments. Assignments were made using triple resonance experiments to delineate through-bond correlations along the protein backbone and sidechains (for reviews, see Bax & Grzesiek, 1993; Gronenborn & Clore, 1995) , and a summary of the experiments recorded is provided in Table 1 . Using these procedures we were able to obtain complete 1 C NOE experiment recorded at 750 MHz to delineate through-space 13 C ± 13 C connectivities between directly bonded side-chain carbon atoms (Fisher et al., 1996) . An example of the quality of the data is illustrated in Figure 1B , which shows a series of strips from the 3D HNCA spectrum recorded on 2 H/ 15 N/ 13 Clabeled e-gp41, demonstrating sequential assignments for a portion of the N-terminal helix. The signal-to-noise ratio of this experiment is reasonably high, thereby rendering the assignment of e-gp41 feasible; the presence of additional corre- Garrett et al. (1997) . All the experiments (or simple modi®cations thereof for 2 H-labeled samples) have either been described in the following three reviews Bax & Grzesiek, 1993; Gronenborn & Clore, 1995) lations, however, demonstrates some of the technical dif®culties arising from extensive spectral overlap. Interestingly, a second set of correlations is observed for residues 85 to 104, revealing the presence of a minor form. The relative intensities of the cross-peaks arising from the major and minor forms indicate that the population of the minor form is~10%. The presence of three proline residues in this region (Pro97, Pro99 and Pro105) suggests that the minor form may be due to proline cis-trans isomerization. This is supported by the observation that the 13 CO, 13 C a and 13 C b chemical shifts of the major form of Pro99 (176.7, 63.2 and 31.1 ppm, respectively) are characteristic of the trans isomer, while those of the minor form of Pro99 (175.7, 62.4 and 33.1 ppm, respectively) are characteristic of the cis isomer (Richarz & Wu È thrich, 1978) .
The secondary structure was delineated on the basis of short and medium-range NOEs, NH exchange rates, 3 J HNa coupling constants, and 13 C secondary shifts summarized in Figure 2 . Two regions, corresponding to residues 29 to 77 and 108 to 147, exhibit a contiguous stretch of C a H(i)-NH(i 3) NOEs, slowly exchanging backbone amides, and small (<7 Hz) 3 J HNa coupling constants, which are characteristic of helices (Wu È thrich, 1986; Clore & Gronenborn, 1989 Spera & Bax, 1991; Wishart et al., 1995) . In contrast, residues 78 to 107 and the N (residues 27 to 28) and C (residues 148 to 149) termini exhibit fast NH exchange rates, relatively large 3 J HNa coupling constants, and 13 C secondary shifts that are near random coil values, characteristic of regions that do not possess regular secondary structure.
Taken together, the present results indicate that SIV e-gp41 consists of two long helices, a 49-residue helix at the N terminus (residues 29 to 77) and a 40-residue helix at the C terminus (residues 108 to 147), connected by a 30-residue loop (residues 78 to 107). We also note that residues 79 to 105 exhibit cross-peak intensities in the 3D HNCO spectrum that are 5 to 25 times more intense than those of the helical regions (data not shown), suggesting that the loop connecting the two helices is more mobile than the helical core. Carrying out a full three-dimensional structure determination of SIV e-gp41 by NMR presents a signi®cant challenge due to its large molecular weight, limited spectral dispersion (as a result of the high helical content and complete absence of any b-sheet) and trimeric nature. Even at the present stage of analysis, however, it is possible to derive information concerning the tertiary and quaternary structures. Figure 3 displays a number of long range intra and inter-subunit NOEs that have been assigned at the present time and can be used to deduce an approximate global fold of egp41. The current set of intersubunit NOEs were identi®ed by recording 3D N labeled monomers. A qualitative analysis of the NOE data clearly indicates that the N and C-terminal helices are oriented antiparallel with respect to each other, consistent with a previous model derived from protease protection Lu et al., 1995) and EPR studies (Rabenstein & Shin, 1996) . Moreover, the N-terminal region of the C-terminal helix exhibits intramolecular NOEs with the C-terminal region of the N-terminal helix, whereas the C-terminal region of the C-terminal helix displays intermolecular NOEs with the N-terminal region of the N-terminal helix (Figure 3 ). This suggests that the C-terminal helix is oriented somewhat obliquely to the N-terminal helices. The N-terminal helices, on the other hand, are oriented approximately parallel to each other. No intersubunit NOEs have yet been identi®ed between the C-terminal helices. The loop connecting the N and C-terminal helices displays numerous long range NOEs, both intra and intermolecular, indicating that the loops from the three subunits interact with each other and form a wellde®ned structure (Figure 3 ). In addition, Ala86 and Ala92, which correspond to the conserved cysteine residues (Cys86 and Cys92) in the wild-type sequence, are in close spatial proximity between subunits, consistent with the presence of intersubunit disul®de bonds observed in SIV (Wing®eld et al., 1997) and HIV (Weissenhorn et al., 1996) e-gp41.
Equilibrium centrifugation studies have demonstrated that SIV e-gp41 exists as a trimer at pH values below 4 (Wing®eld et al., 1997) . The presence of a single set of correlations in the NMR spectra (with the exception of the minor form present in the loop) indicates that the complex is symmetric. Based on the present observations, a model for e-gp41 is presented in Figure 4 . The N-terminal helices of the three subunits are packed within the protein interior in a parallel trimeric coiled-coil arrangement. The C-terminal helices are located on the outside of the trimer with each C-terminal helix oriented antiparallel to two adjacent N-terminal helices. Hence, the loops connecting the N and C-terminal helices are located on the same side of the molecule.
This model is compatible with a number of previous studies. First, intersubunit cross-linking of the conserved cysteine residues has been observed in HIV and SIV e-gp41 (Weissenhorn et al., 1996; Wing®eld et al., 1997) , consistent with the proximal location of the loop regions in the model. Second, the putative glycosylation sites at Asn100, Asn109 and Asn125 (Dedra et al., 1992) are located in the loop region and the C-terminal helix, which are exposed to solvent in the model. Third, mutagenesis studies of HIV gp41 have suggested that gp120 binds near Val119 (Kowalski et al., 1989) , which is located in the exposed C-terminal helix. Fourth, the binding site for the neutralizing monoclonal antibody 2F5 is centered around Tyr142 (Muster et al., 1993) , which is located in the exposed C-terminal helix. Interestingly, the observation that 2F5 binds to the gp41/gp120 complex suggests that gp120 does not interact with the region in the vicinity of Tyr142 of e-gp41. Finally, the overall dimensions of the model complex are similar to that observed in electron micrographs of HIV e-gp41 (Weissenhorn et al., 1996) . Thus, the overall length of SIV e-gp41 can be estimated as the length of the N-terminal helix plus residues 78 to 89 of the loop region (cf. Figures 3 and 4) . Considering that the interresidue distance is 1.5 A Ê in a helix and $4 A Ê in a loop region, the overall length is calculated to be $122 A Ê , in good agreement with the value of 125(AE13) A Ê determined by electron microscopy (Weissenhorn et al., 1996) .
Just prior to submision of this Communication, a 2.0 A Ê resolution X-ray structure of a trimer of two interacting peptides, N36 and C34, derived from HIV gp41 and corresponding to residues 34 to 69 and 112 to 145, respectively, of SIV gp41, was published (Chan et al., 1997) . The crystal structure therefore comprises only $60% of the SIV e-gp41 construct used in the present work. Both peptides are entirely helical in the X-ray structure, consistent with the NMR data, and the overall topology of the trimer observed crystallographically is essentially the same as that of the model presented in Figure 4 . The present NMR data, however, indicate that both the N and C-terminal helices extend signi®cantly beyond the peptides used in the X-ray work. Thus, the N-terminal helix (residues 29 to 77) is in fact $36% longer than the N36 peptide, while the C-terminal helix (residues 108 to 147) is $18% longer than the C34 peptide. Moreover, our data indicate that the loop connecting the two helices is not disordered but adopts a well-de®ned structure in which the loops from the three subunits interact with each other (Figure 3 ). We are currently in the process of determining a complete three-dimensional structure of the SIV e-gp41 trimer, principally exploiting multidimensional isotope-edited and ®ltered NOE experiments. In this manner, we will elucidate the determinants of protein-protein interaction as exempli®ed by the helix and loop packing of the e-gp41 trimer. In addition, a complete structural description of e-gp41 may provide further insight into the role of gp41 in HIV and SIV infection.
